Abstract-In order to obtain better mechanical properties by exploiting the advantages of different materials, a topological design meth od of compliant mechanisms multiple materials was proposed. The multiple materials interpolation model for topological design of compliant mechanisms was established using the generalized Solid Isotropic Material with Penalization method. The objective function was developed maximizing the output displacement, and the structural volume was restricted. The adjoint approach is applied to perform the sensitivity analysis. The improved filter technique was applied to modify the sensitivities in order to avoid the avoid the numerical instability phenomenon. The method of moving asymptotes was used to solve the topological optimization problem. The numerical examples were given to illustrate that the proposed method is correct and effective. The result shows that multiple materials compliant mechanisms has better mechanical performance than single-phase material compliant mechanisms.
INTRODUCTION
Compliant mechanisms are flexible monolithic structures that can achieve force and motion transmission through elastic deformation of relative flexibility of its members [1] . Compared with rigid-body mechanisms, compliant mechanisms have many advantages such as high precision, ease of fabrication, easy integration, no friction losses and without any assembly cost. Thus, it has been applied widely in the micro-electromechanical systems, precision positioning, micro/nano manufacturing, fiber alignment and aerospace [2] . Topological design of compliant mechanisms has drawn more and more attentions because it only needs to designate a design domain and the positions of the inputs and outputs.
In recent years, the research on the topology optimization of compliant mechanisms has been greatly developed [3] [4] [5] . Topological design of compliant mechanisms with a single material has been unable to meet certain requirements. However, multiple materials compliant mechanisms has better mechanical performance exploiting the advantages of different materials. Sigmund [6] proposed a topology optimization method to design electro-thermo-mechanical actuators using two different materials. Yin et al. [7] used a peak function method to design multi-material compliant mechanisms. Alonso et al. [8] adopted the sequential element rejection and admission method to produce compliant mechanism with multiple materials. Gaynor et al. [9] proposed a topological design and fabrication process for multiple materials compliant structures. Zhang et al. [10] developed a new parallel strategy method for multi-objective topology optimization of multiple materials compliant mechanisms. Compared to the vast amount of literature on a single material compliant mechanisms, study on topological design of compliant mechanisms with multiple materials are relatively few.
In this study, we proposed a topological design method of multiple materials compliant mechanisms using the improved filter technique. The multiple materials interpolation model for topological design of compliant mechanisms was established using the generalized Solid Isotropic Material with Penalization model. The objective function was developed maximizing the output displacement, and the structural volume was restricted. The adjoint approach is applied to perform the design sensitivity analysis. The modified filter technique was applied to modify the sensitivities in order to avoid the avoid the phenomenon of numerical instability. The method of moving asymptotes was used to solve the topological optimization problem.
II. OPTIMIZATION FORMULATIONS OF MULTIPLE MATERIALS COMPLIANT MECHANISMS

A Multiple Materials Interpolation Scheme
The material interpolation model for topology optimization is mainly homogenization method [11] and Solid isotropic material with penalization (SIMP) method [12] . Compared with the homogenization method, the Solid isotropic material with penalization method has fewer design variables, and is easy to calculate. In this paper, SIMP method is adopted as material interpolation method to establish the topology optimization model with multiphase material.
Based on the generalized SIMP interpolation model [12] , the three-phase material interpolation model of elastic modulus for each element can be expressed as Where, the first set of design variables 1 x are used in determining the optimal topology, and the second set of design variables 2 x are used for selecting the material at each location within the topology. 1 E , 2 E and void E are the elasticity modulus of the solid material 1, the solid material 2 and the void material, respectively. 1 p and 2 p are the penalty coefficients, and are taken as 3.
Each phase material is decided by the combination of two set of design variables. 12 (1, 0) solid phase 1
The distribution of three-phase material is shown in Fig.1 
FIGURE I. DISTRIBUTION OF EACH PHASE MATERIAL
B Optimization Model for Multiple Materials Compliant Mechanisms
The flexibility requirement of compliant mechanisms is determined by maximizing the output displacement at the output point. The output displacement can be defined using the unit dummy load method. A unit dummy load 1 F are applied at the output point in the desired direction, as shown in Fig. 2 . The output displacement can be defined as
where U is the nodal displacement vector.
The objective of the optimization problem is to maximize the output displacement, and each phase material volume was restricted is used as the constraints. The optimization model can be established as V are the allowable volume of the solid material 1 and those of the solid material 2, respectively. e V is the solid element volume.
C Sensitivity Analysis and Solution Technique
To apply the gradient-based algorithm, the sensitivities of the objective and constraint with respect to the design variables are need to solved. The derivative of the output displacement with respect to the design variables is stated as 
Considering the unit dummy load, we have 11 UF
where 1 U is the nodal displacement vector under the unit dummy load.
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Substituting "(7)" and "(8)" into " (5) 
Where e K is the element stiffness matrix, ge K refers to the product of the element stiffness matrix and the reciprocal of the element elasticity modulus.
The optimization problems are solved usually by two approaches: Optimality Criteria (OC) method [13] and mathematical programming method. The OC method is simple and easy to be implemented in topological design. But, it is not suitable for multi-constrained topology optimization problem. In mathematical programming method, sequential convex programming approaches include the Method of Moving Asymptotes (MMA) [14] , Sequential linear programming (SLP) [11] and others. MMA is more flexible to deal with multi-constrained optimization problem. MMA is adopted to update the design variables in the optimization problem.
D The Improved Filtering Technology
The designs of multiple materials compliant mechanisms using topology optimization typically lead to checkerboard patterns. In this paper, the improved filter technology [15] is adopted to modify the sensitivities of the objective and the constraints for eliminating the numerical instability phenomena.
The sensitivity of the objective function is modified as 
Where, ( ,) d i s tef refers to the center-to-center distant between element e and element f .
In " (7)", the sensitivity of the objective function is modified by the weighted average in the sub-domain where the center-tocenter distance is smaller than the filter radius. It can not eliminate thoroughly the checkerboard patterns. Therefore, the density filter is adopted to transforms the original densities as follows While the filtering technique is adopted, the value of the filter radius has the influence on the configuration of compliant mechanisms. In this paper, the optimization strategy of filter radius is used to choose the optimal value during the optimization process [15] .The large value of filter radius is applied in the initial stage of the optimization. If the filter radius is larger than the set value, the value of the filter radius for the current iteration step is changed to 0.99 times the value for the last iteration step. The value of the filter radius is reduced gradually up to convergence.
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III. NUMERICAL EXAMPLES In this section, we present some numerical examples of topological design of multiple materials compliant gripper. The design domain, boundary conditions, and the prescribed output motion are shown in Fig. 3 . The size of the design domain is 80 mm by 80 mm. we use Young's Modulus 1 for the solid material 1 = 2MPa, Young's Modulus 2 for the solid material 2 = 1MPa, allowable volume 1 = 10%, allowable volume 2 = 20%, Poisson's Ratio = 0.3. The output springs stiffness is set to out k = 1 N/mm. Applying symmetry, the lower half of the design domain contains 3200 elements. Single-phase material and multiple materials compliant gripper are obtained by topology optimization as shown in Fig.  4( a) a nd F ig. 4( b) , res pe ct ive ly . I n F ig. 4( b), the re d a rea represents the stiff material, the blue region refers to the soft material, and the white area is void. The output displacement of the optimal mechanism obtained by single-phase material is 11.5mm, and that of the optimal mechanism obtained by multiple materials is 14.2mm. The output displacement is increased by 23.4% using multiple materials topology optimization. It shows that the multiple materials topology optimization has better mechanical performance. That is because the stiff material is largely distributed in the region of small deformation, and the soft material is largely distributed in the region of large deformation. In addition, the configuration of multiple materials compliant gripper is similar to that of single-phase material compliant gripper. It can shows that the proposed method is correct.
In order to investigate the influence of the ratio of the elastic modulus on the obtained mechanical properties. the ratio of the elastic modulus is set to 1.5: 1, 2: 1, 2.5: 1, and 3: 1 while other parameters keep the same. The Young's Modulus 2 for the solid material 2 is set to 1MPa while the Young's Modulus 1 is changed. Fig.5 shows topological configuration of multiple materials mechanism gripper for different ratio of the elastic modulus. From Table 1 , we can find that the output displacement of the obtained mechanism gripper is larger by increasing the ratio of the elastic modulus. Thus, multiple materials compliant gripper has better mechanical performance increasing the ratio of the elasticity modulus within a certain range. IV. CONCLUSIONS A new method for topology optimization of multiple materials compliant mechanisms by the improved filter technique is presented. The topology optimization model of multiple materials compliant mechanisms is established using the generalized Solid Isotropic Material with Penalization model. The improved filter technique is applied to modify the sensitivities of the objective and the constraint. Compared with single-phase material topology optimization, the multiple materials compliant mechanisms has better mechanical performance because the stiff material is largely distributed in the region of small deformation and the soft material is largely distributed in the region of large deformation. In addition, multiple materials compliant gripper has better mechanical performance increasing the ratio of the elasticity modulus within a certain range.
